may help in the design of HGO inhibitors, which may be useful in the treatment of hereditary tyrosinemia type I (HT1), a fatal disease associated with Phe and Tyr catabolism. Additionally, this work provides a framework for understanding the molecular structural basis of AKU, almost one century after the pioneering genetic studies of Garrod 4, 5 .
Structure determination
The crystal structure of HGO was determined using the multiwavelength anomalous diffraction (MAD) method 13 . Details of the diffraction data and refinement statistics are given in Table 1 . The experimental electron density map is of high quality (Fig.  1a ). The apoenzyme model has been refined at 1.9 Å. A model including the active site iron ion has been refined at 2.3 Å.
Subunit structure
A monomer containing five antiparallel β-sheets and one mixed β-sheet is present in the asymmetric unit of the HGO crystals (Figs 1b, 2a). The structure can be described as intimately associated 280-residue N-terminal and 140-residue C-terminal domains (Fig. 2a) . The central feature of the HGO structure is a jelly roll of β-strands in the N-terminal domain, which forms part a Fig. 1 Electron density and Cα trace for HGO. a, A section of the experimental electron density map showing part of the N-terminal four stranded β-sheet calculated at 1.9 Å is shown in stereo contoured at 1.5 σ. C, N and O atoms are colored brown, blue and red, respectively. The polypeptide is undefined by electron density in four positions: the 26-residue N-terminal His tag and the authentic N-terminal Met, the C-terminal residues 441-446, and between residues 347 and 356, and 418 and 430. This figure was created using O 30 . b, A Cα trace of the HGO protomer is shown in stereo. Numbered residues are indicated by spheres. The active site iron ion and the His 335, Glu 341 and His 371 ligands are shown near the top of the figure. Figs 1b, 2a ,b, 3 were created using MOLSCRIPT 35 b letters of a β-sandwich between a nine-stranded antiparallel β-sheet and a seven-stranded mixed β-sheet. A concave surface formed by an N-terminal four-stranded β-sheet and a C-terminal sevenstranded β-sheet partially encircles the β-sandwich (Fig. 2a) . The C-terminal domain sits astride a saddle-like structure formed by the nine-stranded N-terminal β-sheet and loops originating from the N-terminal domain between Asp 77 and Ser 114 and between Val 206 and Arg 225. The β-strands at either edge of the C-terminal β-sheet are formed by residues originating from the N-terminal domain. A knot-like structure is formed by residues between Leu 406 and Lys 410 passing through the loop consisting of residues 77-114 (Fig. 2a) . A hexameric association strongly influences the monomer structure (described below). The jelly roll of the Jack Bean canavalin is the structure most similar to HGO 14 .
Hexameric association
HGO protomers are organized about three-fold crystallographic axes with the four-stranded N-terminal β-sheet of each subunit contacting the C-terminal domain of the adjacent subunit to form an intersubunit five-stranded mixed β-sheet (Fig. 2b) . The disk-like trimers further stack base to base about crystallographic two-fold axes to form hexamers. The vast majority of lattice contacts involve water mediated interactions along the sides of the hexamers. No contacts are made between the ends of the hexamers. Thus, the 68% solvent content and limited lattice contacts in the crystals closely approximate a solution environment. Extensive solvent accessible surface areas are buried between subunits with ~4,700 Å 2 of solvent accessible surface area per monomer buried upon trimer formation and an additional 2,500 Å 2 per monomer buried upon hexamer formation. The area buried between trimers in the hexamer (~14,500 Å 2 ) is consistent with a high affinity association 15 . Finally, the positions of single residue substitutions that cause AKU provides strong in vivo evidence for the crucial role of this hexameric association in HGO enzyme function (see below).
HGO was also studied in solution using analytical ultracentrifugation under physiological salt and submicromolar subunit concentrations. HGO sedimentation equilibrium data fit a twostate model between HGO hexamers and dodecamers (Fig. 2c) . This model is further supported by the occurrence of a single letters hinge point in the protein distribution during the approach to equilibrium (data not shown). The proportion of hexamer was found to increase in a concentration, acceleration and time dependent manner. The average molecular weight for 1.4 and 0.7 µM samples equilibrated at 4,000 r.p.m. were 478 kDa and 424 kDa, respectively. Similar protein concentration dependence was observed at 6,000 and 8,500 r.p.m. The dissociation constant for the hexamer:dodecamer equilibrium is about 2 µM, with the dissociation constant for the HGO hexamer likely to be <0.1 µM. Consistent with the crystal structure, these studies demonstrate that HGO associates as a hexamer in solution. Given that the N-terminal His tag of the expressed protein is disordered in the crystal structure, it is unlikely that these residues stabilize the hexameric association. HGO from bovine 16 , murine 17 and bacterial 18 sources has been reported to associate with molecular weights of 254, 150 and 380 kDa, respectively. As the physiological concentration of HGO within the human hepatocyte population is unknown, it is hard to judge the significance of the moderate affinity dodecameric association. One possibility is that the dodecamer represents a storage form of the enzyme.
Active site
A single iron ion is coordinated by the side chains of His 335, Glu 341 and His 371 located in the C-terminal domain near the interface between subunits in the HGO trimer (Figs 1b, 2, 3 ). The active site is formed by the seven-stranded C-terminal β-sheet, antiparallel sections of polypeptide between Pro 320 and Lys 327 and between Met 368 and Lys 385, and a loop between Phe 282 and Thr 299. The active site conformation appears to be highly dependent on intersubunit hydrogen bonding and hydrophobic interactions. Solvent accessibility to the active site from behind the iron ion (as viewed in Fig. 1b) is limited by the Phe 49 side chain of an adjacent three-fold related subunit and a loop between residues Ile 216 and Gly 220 of an adjacent two-fold related subunit. Contacts with the adjacent subunit in the trimer interface are also crucial to the positioning of the His ligands to the iron atom. The main chain atoms of Tyr 334-Arg 336 hydrogen bond with main chain atoms of the adjacent three-fold related subunit between Gln43 and Ser45 to add an additional parallel β-strand to the four-stranded N-terminal β-sheet, forming a mixed five-stranded intersubunit β-sheet (Fig. 2a,b) . A sheet-like hydrogen bond is also made between His 335 and His 371, forming a short extended segment around His 371. Residues from the C-terminal domain also make extensive hydrophobic contacts with the N-terminal domain and with neighboring two-fold and three-fold related subunits. Ligation of the iron atom and the overall conformation of the active site are therefore dependent on the formation of an intersubunit supersecondary structure and surrounding hydrophobic core structures. The iron ion coordination observed in the HGO active site (Fig. 3 ) is consistent with that described for other extradiol dioxygenase structures as a distorted square pyramidal geometry. The positions of the HGO iron atom and coordinating side chain atoms superimpose with those of the 2,3-dihydroxybiphenyl dioxygenase 19 with a root mean square (r.m.s.) deviation of 0.4 Å. This geometry leaves three coordination sites and one face of the cofactor accessible for substrate binding and activation. However, the Cα atoms of HGO His 335, Glu 365 and His 371 are not spatially related to those of the Fe 2+ binding residues in other dioxygenase structures.
Several additional His and Tyr residues not involved in Fe 2+ binding are strictly conserved within the active site of catecholic extradiol dioxygenases 20 . His 292, Tyr 333 and His 365 are in close proximity to the iron atom in HGO (Fig. 3) . The plane of the Tyr 333 side chain is located slightly below the iron atom perpendicular to the His 335 ligand, forming one side of a solvent accessible box defined by the side chains of His 292, Pro 295 and Pro 332 (Fig. 3) .
New structural class of iron-dependent dioxygenases
The HGO structure is distinct from previously described nonheme iron-dependent dioxygenases and oxygenases. Catecholic class I and class II extradiol dioxygenases contain repeated βαβββ motifs that assemble in class II enzymes as two pseudosymmetric eight-stranded mixed β-sheet domains 19 . These 33-35 kDa subunits further associate as homotetramers and homooctamers. A heterotetrameric class III extradiol dioxygenase structure composed of two 139-residue helical subunits and two 302-residue α/β structured subunits has also been reported 21 . Catecholic intradiol dioxygenases are composed of 22 and 26 kDa subunits containing sandwich structures formed from eight-stranded β-sheets 22 . These subunits form a pseudosymmetric αβ protomer that assembles into quaternary structures containing 4-12 protomers. Eukaryotic arachidonic acid 15-lipoxygenase also catalyzes a dioxygenase reaction using a monomeric structure containing a 693-residue helical bundle and a 126-residue β-barrel 23 .
HGO is topologically and structurally distinct from the enzymes described above. HGO lacks the pseudo two-fold symmetry relating subunits within intradiol dioxygenase protomers and relating domains in class II extradiol dioxygenases. The involvement of both interdomain and intersubunit interactions in the formation of the HGO active site also differs from class II extradiol dioxygenases, which have active sites located within the β-barrel of a single domain 19 . HGO active site formation also differs from class III extradiol dioxygenases and intradiol dioxygenases, which have active sites located in the interface between Side chains with labels ending in B and E originate from three-fold and two-fold related subunits, respectively. Four side chains labeled with an asterisk are affected by amino acid substitutions (E42A, W60G, R225H and H371R) that cause AKU. The position of the homogentisate model (HG) is placed only for purposes of illustration and has not been defined by diffraction data. Carbon, nitrogen, and oxygen atoms and the iron ion are yellow, blue, red and green, respectively. letters subunits of a heterodimer 21, 22 . HGO also differs from the Fe 2+ -dependent isopenicillin N synthase, which binds Fe 2+ within a jelly roll 24 . Therefore, HGO has no apparent evolutionary relationship to other iron-dependent dioxygenases or oxygenases and defines a new structural class.
Enzymatic mechanism
The arrangement of side chains in the HGO active site (Fig. 3) and studies of GO 11, 12 suggest an enzymatic mechanism for HGO (Fig. 4) . The box-like structure described above is complementary to the homogentisate substrate (Fig. 3) . Direct bidentate ligation of Fe 2+ by the homogentisate 1-acetate and 2-hydroxylate groups is predicted with His 292 accepting a hydrogen bond from the 5-hydroxyl group (Figs 3, 4) . The homogentisate ring could stack parallel to the Tyr 333 side chain. Deprotonation of the 2-hydroxyl group could involve His 365 or a hydroxide base bound to Fe 2+ (ref. 11) . Deprotonation of the substrate 5-hydroxyl group could involve His 292. Substrate coordination of Fe 2+ and the His 292 position are consistent with the mechanism proposed for GO 11, 12 , which catalyzes a similar reaction. These predictions may facilitate the design of HGO inhibitors for therapeutic use, as HGO inactivation prevents the fatal consequences of HT1 in fungal 25 and mouse 26 models.
Structural basis of alkaptonuria
At least 20 missense mutations have been identified in HGO from AKU patients [6] [7] [8] [9] [10] . The resulting single residue substitutions are distributed fairly uniformly in the HGO subunit structure (Fig. 2a) . While a comprehensive analysis of AKU is outside the scope of this paper, it is worth noting that most of the affected residues are solvent accessible and appear tolerant of substitution in the absence of trimeric or hexameric association. In fact, more than half of the AKU associated mutations affect residues located close to intersubunit interfaces (Fig 2b) . The physiological significance of the hexameric quaternary structure is consistent with the AKU mutations affecting electrostatic and/or hydrophobic contacts between subunits. For example, Glu 42 makes an intermolecular salt bridge with the three-fold related Arg 336 side chain adjacent to the His 335 Fe 2+ ligand, and the Trp 60 indole contacts the three-fold related active site Tyr 333 side chain (Fig. 3) . The Arg 225 side chain interacts with multiple two-fold related residues in the vicinity of Leu 25, Trp 60 and Tyr 62, including van der Waal's contacts with the Cβ and Cγ atoms of His 269 and hydrogen bonds with side chain and main chain oxygens of Pro 26, Gln 29 and Asn 30 (Fig. 3) . The Ile 216 side chains, located within 2.2 Å of the two-fold axes, form part of a complementary hydrophobic surface between trimers where two active sites pack back to back (data not shown). The I216T substitution introduces several small cavities and polar groups within the hyrophobic surface between trimers. Other AKU associated mutations result in substitutions that disrupt cofactor binding (H371R), hydrophobic core structure (F227S, P230S, P230T, V300G), electrostatic interactions (D153G, S189I, K248R), or introduce unfavorable steric contacts (G161R). Therefore, rather than having direct effects on catalytic function, the majority of mutations causing AKU are expected to disrupt substrate binding and/or catalysis through indirect structural effects and/or by causing misfolding.
The dependence of the HGO active site conformation on contacts both between and within trimers suggests that mutations affecting quaternary structure will disrupt the conformation of the active site and adversely affect catalytic activity. This prediction and the functional importance of the HGO hexamer in vivo are strongly supported by the mutations that have been identified in AKU patients. Additional studies of the concentration and required minimum level of HGO activity in vivo, as well as studies correlating the structural defects discussed above with Fig. 4 The HGO catalytic mechanism. Key steps in the proposed catalytic mechanism for HGO are shown with the flow of electrons indicated by arrows. The mechanism is a modified version of those previously proposed for gentisate dioxygenase 11, 12 . letters the biochemical characterization of the mutant enzymes will complete our understanding of the molecular bases of AKU.
Methods
Protein purification and crystallization. Selenomethionine (SeMet) substituted HGO was expressed in Escherichia coli with a poly-His tag using a methionine auxotrophic strain grown in a defined media containing SeMet in place of Met. HGO was purified using metal chelate chromatography. HGO crystals were grown in 1.5-2.0 M ammonium sulfate, pH 6.7-7.4.
Structure determination and model building. The HGO structure was determined by the MAD method 13 . Data were collected using energies corresponding to the inflection point and peak of the experimentally determined selenium K edge and at a remote high energy wavelength ( Table 1 ). The diffraction data were integrated using DENZO and SCALEPACK 27 . The partial structure of the Se atoms was determined using SOLVE 28 . Phases were calculated to 1.9 Å using MLPHARE 29 . DM 29 was used for further improvements in the phase estimates and map quality. The HGO model was built using O 30 and ARPP 29 and was refined with XPLOR 31 and REFMAC 29 using the 13.4 keV data. The final model consists of 419 amino acids and 498 water molecules. TOP 32 was used for protein structure comparisons.
The structure of the HGO-iron complex was determined using a crystal soaked in 1.8 M ammonium sulfate, 50 mM HEPES, pH 7.0, 10 mM β-mercaptoethanol and 1 mM FeSO 4 . Data resolution was limited by the flux of the rotating anode X-ray generator. The position of the iron ion was apparent in the F o -F c map as a peak of greater than 10 σ. The holoenzyme model consists of 419 amino acid residues, 232 water molecules and a single Fe 2+ . Model and refinement details are given in Table 1 . The iron ion refined at full occupancy has a temperature factor of 39.1 Å 2 , which is comparable to that calculated from Wilson scaling ( Table 1 ). The coordinating atoms His 335 Nδ1, His 371 Nε2 and Glu 341 Oε2 have temperature factors of 28.7, 30.4 and 38.0 Å 2 , respectively. The precision of the iron coordination geometry and refined temperature factors is limited by the moderate data resolution.
A homogentisate model was placed manually in the HGO active site (Fig. 3) to make a bidentate ligation of the iron atom and a hydrogen bond with His 292 and to allow for π-π interactions with Tyr 333, while maintaining a separation between enzyme and substrate atoms of at least 2.4 Å. Alternative orientations, including a perpendicular arrangement of the homogentisate relative to the Tyr 333 ring, are sterically possible. The placement illustrated is favored for separating the homogentisate 1-acetate and the Glu 341 carboxylate groups and maintaining solvent (O 2 ) accessibility to the cofactor. Ultracentrifugation measurements. Equilibrium sedimentation measurements 33 were made at 20 °C using a Beckman XL-A and an An-60Ti analytical rotor with solutions of HGO in 137 mM NaCl, 3 mM KCl, 10 mMNa 2 HPO 4 , and 2 mM KH 2 PO 4 . Approach to equilibrium was monitored every 4 h during time periods of 28-36 h. Data were globally fit using WinNonlinR (D. Yphantis) to the equation:
A obs = A 1,0 exp(σ(r 2 -r 0 2 ) / 2) + K(A 1,0 ) 2 exp(2σ(r 2 -r 0 2 ) / 2) + Bl where σ = M 1 (1 -v bar ρ)ω 2 / RT; M 1 is the molecular weight; v bar is the partial specific volume; ρ is the solvent density and ω is the angular velocity; R is the universal gas constant; T is the temperature (Kelvin); r is the radial value where A obs was measured; r 0 is the radial value of the inner most point in a scan; A 1,O is the calculated absorbance at r 0 ; Bl is the baseline absorbance; K is the association constant for the equilibrium being measured. Values for v bar , ρ, and the molar extinction coefficient were calculated using SEDNTERP 34 .
Coordinates. Coordinates have been deposited in the Protein Data Bank (accession codes 1EY2 and 1EYB).
